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摘要
随着经济的高速发展与人口数量的持续增长，人类社会对能源的需求越来越
大，传统化石能源的大量消耗不仅引发能源危机，更对环境造成了严重破坏。太
阳能因其具有储量大、无污染又无地域限制等优点引起社会的广泛关注，它的开
发与应用必将引领世界能源产业与能源结构的重大变革。自上世纪中叶第一块硅
太阳能电池问世后，硅基太阳能电池有了较大的发展，目前，其在光伏产业市场
中占据主要地位，但较高的发电成本限制其大规模商业化应用。为获得廉价且高
效的太阳能电池，基于 II 型异质纳米结构制备的第三代新型太阳能电池应运而
生。相比于薄膜结构形式，同轴纳米线结构有着更大比表面积、更长的光学吸收
长度、更高的载流子分离效率，有望制备更高效的太阳能电池。另外，有机无机
杂化金属卤化物钙钛矿材料由于其高吸光系数和超长的载流子扩散长度，在太阳
能电池有良好的潜在应用价值，近年来获得极大的关注。为此，本文针对当前这
两个研究热点，采用理论和实验相结合的方式，重点研究了 ZnO/ZnSe 同轴纳米
线、ZnO/钙钛矿同轴纳米线以及 TiO2/钙钛矿平面薄膜等 II 型异质纳米结构光电
特性及其太阳能电池应用，主要工作和研究成果如下：
（1）ZnO/ZnSe 同轴纳米线近全光谱响应的实现。首次采用力学解析解法配
合软件模拟处理纳米尺度下的大应变问题，并分析其能带结构。ZnO 和 ZnSe 材
料具有较好的辐照稳定性和光催化能力，然而其宽的带隙（分别为 3.37eV 和
2.7eV）不利于太阳光吸收，若直接应用于太阳能电池，光电转换效率不高。本
文利用 ZnO/ZnSe 同轴纳米线结构中存在的大应变场调控其有效带隙，可以大幅
拓宽其光相应阈值。首先采用弹性力学平衡理论研究了 ZnO/ZnSe 同轴纳米线应
变结构，结果发现依靠壳层中优先生长的亚稳相纤锌矿 ZnSe 赝晶层，ZnO/ZnSe
同轴纳米线的轴向应变可调范围超过 20%。随着 ZnO 直径增大，ZnSe 赝晶层的
临界厚度先增大后减小并逐渐趋于 2nm 的稳定值；当 ZnO 的直径为 9.0 nm，赝
晶层的临界厚度达到 6.5 nm 的最大值。利用第一性原理计算方法（VASP 软件）
模拟计算了 ZnO/ZnSe 同轴纳米线有效带隙，结果发现使用应变调控方法可以实
现超宽的光谱响应，有效带隙的理论可调范围为 0.4eV-1.8eV。实验上，通过两
步 CVD 法制备了 ZnO/ZnSe 同轴纳米线，利用高分辨率 TEM 观察到超细 ZnO
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纳米线与壳层纤锌矿 ZnSe 赝晶层的完全共格结构，以及超细 ZnO 中大的晶格畸
变，其晶面间距十分接近 ZnSe。透射测试观察到最低光响应阈值为 0.82eV，覆
盖了超过 94%的太阳光谱。所制作的太阳能电池外量子效率测试的光响应阈值也
达到 0.91 eV 的红外区，基本实现近全光谱响应。本工作为设计与发展稳定而高
效的宽带隙半导体纳米结构光伏器件提供了策略与方法。
（2）高效 II 型 ZnO/CH3NH3PbI3 同轴纳米线太阳能电池设计。同轴结构因
具有新颖的径向载流子分离机制，在高效太阳能电池中的应用十分具有潜力。该
工作首次探讨了 II 型异质结载流子分离机制对同轴纳米线太阳能电池性能的影
响。本文结合载流子扩散理论和 FDTD-Solutions 软件光学模拟，重点研究了载
流子分离的与光吸收的分布不均匀效应对 ZnO/CH3NH3PbI3同轴纳米线太阳能电
池性能的影响。结果发现钙钛矿光吸收层中载流子分离效率沿着径向逐渐减小，
当纳米线壳层较厚时，其外侧的光生载流子几乎无法被分离。ZnO/CH3NH3PbI3
同轴纳米线中光吸收最强的位置靠近壳层外侧，随着壳层厚度增加，吸收峰的位
置逐渐向外移动。在载流子分离效率和光吸收的分布不均匀效应的共同影响下，
各种尺寸的同轴纳米线太阳能电池效率都出现不同程度的下降，且壳层越厚，效
率下降越明显。因此，在 ZnO/CH3NH3PbI3 同轴纳米线结构中，存在最优的
CH3NH3PbI3壳层厚度使得电池效率达到最大。在本文讨论的实例中最佳壳层厚
度为 50nm，电池效率为 19.5%，通过优化芯层半径、纳米线长度等其它参数可
继续提高电池效率。本工作为设计和研究高效的同类型太阳能电池提供了理论指
导。
（3）高效 II 型平面异质钙钛矿电池研制。钙钛矿材料因为对水分高度敏感，
极易吸水分解导致电池效率与稳定性的大幅下降。本文使用气相辅助溶液方法并
借助热涂附技巧，在空气环境中制作了 II 型平面异质钙钛矿太阳能电池。通过
优化旋涂速度、反应时长等参数，我们制备了效率为 11.26%的平面异质钙钛矿
电池，其开路电压为 0.92V，短路电流为 20.3mA/cm2、填充因子为 0.603。保存
在干燥环境下，2 周后电池效率依然保有原来 76%的性能。另外，研究发现在
cl-TiO2表面保留一层的很薄 PbI2，能够提高电池性能；严格控制并排除电池制作
过程中可能的水分吸附能缓解钙钛矿太阳能电池在湿润空气中不稳定的问题。该
工作为制作高效稳定 II 型平面异质钙钛矿电池提供参考。
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Abstract
With the rapid development of economy and the continuous growth of
population, the energy demand in human society is increasing. The huge consumption
of fossil energy resources causes not only the global energy crisis but also the great
damage to environment. Solar energy attracts widely attentions owing to its rich
reserves and universal availability, and the exploitation of solar energy will certainly
lead to a revolution in the energy industry and energy structure all over the world.
Since the appearance of the Si-based solar cell in middle of last century, Si-based
solar cells have made substantial progress. Currently, Si-based solar cells hold the
dominant position in the photovoltaic market, however, their high costs restrict the
large-scale commercial practical applications. In order to produce cheap and
high-efficiency solar cells, third generation solar cells based on type-II heterojunction
nanostructures emerge. Comparing to conventional planar structures, the coaxial
nanowire is in favor of high-efficient solar cells, due to its larger
surface-to-volume-rate, longer light absorption length and short carrier separation
distance. In addition, organic-inorganic hybrid metal halide perovskite materials show
great potential for the applications in solar cells, and recently receive enormous
interest because of their high light absorption coefficients and super long carrier
diffusion lengths. Herein, this work put emphasis on the two research hotspots, using
both theoretical and experimental analysis, we intensely investigated the photoelectric
properties and the applications in solar cells based on three kinds of type-II
heterojunction nanostructures, namely ZnO/ZnSe coaxial nanowire, ZnO/perovskite
coaxial nanowire and TiO2/perovskite planar film.
(1) Realization of nearly full spectral response in ZnO/ZnSe coaxial nanowires.
We proposed a method to study the large strains and the band structures under
nanometer scale by combining the mechanical analytic method and first-principles
simulation. Both ZnO and ZnSe have good radiation stabilities and photocatalytic
abilities, but their wide band gaps (3.37 eV and 2.7 eV, respectively) are
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disadvantageous to light absorption. When directly applying into solar cells, they
usually show low photoelectric conversion efficiencies (PCE). In this work, we found
that the effective band gap (EBG) of ZnO/ZnSe coaxial nanowires could be modified
by the strain field, as a result, the photo-response threshold could be widely extended.
Firstly, the strained structures of ZnO/ZnSe coaxial nanowires were investigated
based on the elastic equilibrium theory, it was found that a pseudomophic layer of
metastable wurtzite ZnSe is preferentially grown on the interface, and the tunable
range of the axial strain exceeds 20%. With the increase of the ZnO diameter, the
critical thickness of the ZnSe pseudomophic layer first increases and then decreases to
a constant value of 2nm; the thickest ZnSe pseudomophic layer is about 6.5 nm when
the diameter of ZnO core is 9.0 nm. By using first-principles calculations (VASP
software), we calculated the EBGs of ZnO/ZnSe coaxial nanowires. Results showed
that the threshold could range from 0.4 eV to 1.8 eV. Experimentally, ZnO/ZnSe
coaxial nanowires were synthesized by a two-step CVD method. A totally coherent
ZnSe pseudomorphic shell layer around a ultra thin ZnO core was observed.
Moreover, the ultra thin ZnO cores exhibited large lattice distortions and their
interplanar spacings were very close to that of ZnSe. The lowest photo-response
energy tested by transmission spectra was found to be 0.82eV, which covered up to
94% of the solar power. The photo-response threshold identified by EQE spectrum
extended to infrared region of 0.91 eV, which almost realized the nearly full spectral
responds. This work provided a strategy and method to design and develop a stable
and efficient photovoltaic devices based on wide-bandgap semiconductors.
(2) Design of highly efficient type-II ZnO/CH3NH3PbI3 coaxial nanowire solar
cells. Coaxial structures exhibit great potential for the application of high-efficiency
solar cells due to the novel mechanism of radial charge separation. It’s the first time to
discuss how the carrier separation mechanism in type-II heterojunction effects the
performances of coaxial nanowire solar cells. We deeply investigated the
nonuniformity of the carrier separation efficiency (CSE), the light absorption inside
ZnO/CH3NH3PbI3 nanowires, and their influence on PCEs of nanowire solar cells by
combining the semiconductor diffusion theory and FDTD simulations. Results show
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that the CSE rapidly decreases along the radial direction in the shell, and the value at
the outer side becomes extremely low for the thick shell. Meanwhile, the absorbed
energy does not uniformly distribute in the shell layer, and the peak position gradually
moves towards the outer side with the increase of the shell thickness. The nonuniform
CSE and light absorption in type-II nanowires will result in a decrease of PCE, and
the decreasing becomes more evident for the nanowire with the thicker shell.
Therefore, there is an optimal shell thickness in ZnO/CH3NH3PbI3 nanowire structure.
In our case, , the maximal PCE is 19.5% for the nanowire solar cell with the shell
thickness of 50 nm. It is believed that the PCE definitely can be improved by
optimizing other parameters, such as nanowire length and core radius. This work
provides guidance on the design of high-efficiency solar cells, especially the type-II
coaxial nanowire solar cells.
(3) Research and fabrication of highly efficient type-II planar heterojunction
perovskite solar cells. Vapor-assisted solution process method and hot-casting
technique were adopted to fabricate the type-II heterojunction planar perovskite solar
cells at ambient condition. By optimizing the parameters, such as spin coating rate
and reacting time, we obtained the best solar cell with the PCE of 11.26%,
open-circuit voltage of 0.92 V, short-circuit current density of 20.3 mA/cm2 and filling
factor of 0.603. Storing the cell in a dry environment for 2 weeks, the PCE still
maintained 76% of its original level. Besides, it was found that a very thin PbI2 on the
cl-TiO2 could enhance the cell’s performance; long-term stability test suggested that
carefully eliminating the probable moisture could relieve the instability of the
perovskite solar cells when exposed to humid air. This work provides information for
making high-efficiency stable type-II heterojunction planar perovskite solar cells.
Keywords: Type-II heterojunction; Solar cells; Coaxial nanowires; ZnO/ZnSe;
Perovskite materials; Band modification; Carrier separation efficiency
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第一章 绪论
1
第一章 绪论
能源是人类社会持续发展的根本动力保证，随着经济与人口数量的增长，世
界范围内的能源短缺问题越发严重。世界正处于对化石能源高度依赖的时代，石
油等化石能源储量有限且再生产周期极长，一般估计地球上目前已勘探的化石能
源仅能再满足人类几十年的消耗[1]；此外使用化石能过程中产生大量污染，对环
境造成难以估量的破坏，例如当年的雾都伦敦和中国目前遭受的大范围雾霾，因
此人们急需探索新能源。近年来风能、地热能、潮汐能、太阳能等新型能源正逐
步进入人们的日常生活，它们不仅储量大、可再生，且对环境十分友好。其中太
阳能作为一种“取之不尽，用之不竭”的新能源最具代表性，据统计地球上一年所
需要的能源总量还不到一小时地球上接受的太阳能[2, 3]。中国正处于经济飞速成
长期，作为能源大国，对可再生新型能源的开发和利用提出了严峻的要求。面对
如此庞大而具有潜力的太阳能，如何实现太阳能有效利用成为了一个迫切需要解
决的问题。
1.1 太阳能
1.1.1 能源危机
由石器时代开始，人类主要使用的直接能源形式经历了从木材燃烧、煤炭到
石油、天然气的发展。自十八世纪中叶英国引领的第一次工业革命至今，占人类
发展历史短短的两百多年间，工业生产发展迅速，对能源需求日益增长。人类拥
有高等智慧生命，能轻易地汲取自然资源并改造生存环境，因此人类文明在地球
的近代历史中开出璀璨绚丽之花。人类社会的发展永远离不开能源，每一次的创
造性工业革命，除了带了物资的极大丰富，必定伴随着对自然资源消耗速度的数
倍增长，当自然界所能提供给人类的能源无法满足需求时，就会出现能源危机。
能源短缺通常会伴随着世界经济不稳定，甚至引发战争。在刚步入二十一世纪时，
中东作为世界上主要的石油地区政治态势十分，加上当时美元下跌、石油储量急
剧减少、垄断商人投机行为等现象，造成了本世纪的第一次能源危机。能源消耗
的增长率大致可以通过国民生产总值与往年的世界能源消耗增长来评估获得，在
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